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013.07.0Abstract Five types of coaxial injectors were investigated experimentally using hot hydrogen-rich
gas and oxygen-rich gas, which were respectively provided by a GH2/GO2 hydrogen-rich perburner
and a GH2/GO2 oxygen-rich preburner. The injectors were the shear coaxial injector, the oxidizer
post expansion coaxial injector, the fuel impinging coaxial injector, the central body coaxial injec-
tor, and the shear tri-coaxial injector. The characteristic velocity efﬁciency and the combustor’s wall
temperatures were obtained for different design parameters through the experiments. It can be con-
cluded that angles of the oxidizer post expansion and the fuel impinging have little inﬂuence on the
combustion performance and the wall temperatures. The contact area between fuel and oxidizer and
the mass ﬂow rate have signiﬁcant impacts on the combustion performance. The shear tri-coaxial
injector has the best combustion performance but also the highest wall temperatures among the ﬁve
types of injectors.
ª 2013 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
Gas–gas injection1 has been considered as a key technique for
the development of full ﬂow stage combustion (FFSC) cycle
engines. Without any atomization and evaporation, the com-
bustion process of the gas propellant is relatively simple and
high combustion efﬁciency can be easily achieved.2,3 If a single
injector with a high mass ﬂow rate can keep high combustion82334338.
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17performance at certain characteristic length, the number of
injectors required can be decreased effectively, thus reducing
the cost on the fabrication of the engine.
Some Japanese researchers4,5 expected to reduce engine
costs through decreasing the number of injectors in their stud-
ies on the engines of LE-5B and LE-7A. In the European
researchers’ work6–9, shear tri-coaxial injectors were used for
a gas generator, and the number of injectors signiﬁcantly de-
creased. Vaidyanathan et al.10 believe that a hydrogen imping-
ing injector can enhance combustion performance. They think
that it combines the ﬁne faceplate thermal protection of a
shear coaxial injector with the good mixing performance of
an impinging injector. The research was not aimed at high
mass ﬂow rate injectors. Instead, it gave a feasible way for fu-
ture development. Moreover, they carried out an optimal de-
sign for the injector.SAA & BUAA. Open access under CC BY-NC-ND license.
Fig. 2 Scheme of the pneumatic resonance igniter.
Experimental study of hydrogen-rich/oxygen-rich gas–gas injectors 1165Refs. 11,12 developed a series of research on an oxygen post
expansion injector and a multi-hole injector. They found that
the injectors could achieve a high combustion performance
at high mass ﬂow rate conditions when oxygen with large
momentum hit hydrogen. The heat load of the combustor,
however, was higher than that of the shear coaxial injector.
So far, no experimental data has directly proved that the oxy-
gen post expansion injector has a good combustion perfor-
mance. Additionally, an ablation occurred in the test for the
multi-hole injector due to poor thermal protection. The simu-
lation13–16, experiment, and optimization research on the shear
tri-coaxial injector with gaseous hydrogen and gaseous oxygen
(GH2/GO2) at ambient temperature were developed by Du
et al. They believe that this injector can acquire a high charac-
teristic velocity efﬁciency at a high mass ﬂow rate.
For an FFSC engine, the propellants in the combustor inlet
are hot hydrogen-rich gas and oxygen-rich gas (hot propel-
lants), which are generated by the hydrogen-rich and oxygen-
rich preburners. Because of the complex experimental system,
relevant studies are focused on gas–gas injectors using GH2/
GO2 as propellants. Compared with GH2/GO2 propellants,
hot propellants have different compositions (such as water),
higher temperature, higher volume ﬂow rate, and higher injec-
tion velocity in the same injection area. As a result, the com-
bustion performance and the wall heat ﬂux in the hot
propellant case are different. Marshall et al.17 used both hot
hydrogen-rich gas/oxygen-rich gas generated from preburners
and GH2/GO2 to study gas–gas injectors. They found that
the maximum heat ﬂux level was about twice as that in the
hot propellant case. Benchmark18 quality data were provided
for the CFD code through their effort. Moreover, the experi-
ment results obtained from the hot propellant cases were used
to validate the CFD code so as to improve the injector design
tool.
In recent years, a large number of studies on gas–gas injec-
tors have been performed, but many insufﬁciencies exist as
well. First of all, no explicit conclusions indicate which style
of injectors has the best performance. Secondly, few research
has been conducted on injectors that use hot propellants; espe-
cially those injectors with a high mass ﬂow rate. For these rea-
sons, this research developed experiments for various types of
injectors in a single-element chamber using hydrogen-rich and
oxygen-rich gas as propellants. The types of injectors used in
the experiments were the shear coaxial injector, the oxidizerFig. 1 Experimental system schematic.19post expansion coaxial injector, the fuel impinging coaxial
injector, the central body coaxial injector, and the shear tri-
coaxial injector, respectively. The inﬂuences of injector types
and mass ﬂow rates on the characteristic velocity efﬁciency
and the combustor heat load were studied in the work.2. Experimental facility
2.1. Experimental system
The experimental system schematic is shown in Fig. 1.19 The
gas supply system can provide hydrogen, oxygen, nitrogen,
and air. Nitrogen is used to purge the pipe, and air is supplied
for the pneumatic resonance igniter. The main experimental
facilities consist of the hydrogen-rich preburner, the oxygen-
rich preburner, and the single-element gas–gas combustor,
when three pneumatic resonance igniters are used to ignite
the propellants for them respectively. GH2 and GO2 are ﬁrstly
combusted in the preburners to product hot hydrogen-rich gas
and oxygen-rich gas, and then hot gases are injected into the
combustor.
2.1.1. Igniter
In the experimental system, propellants are gaseous hydrogen
and gaseous oxygen, and both the preburners and the combus-Fig. 3 Injection scheme and experimental device of the oxygen-
rich preburner.
Fig. 4 Shear tri-coaxial injector and experimental device of the
hydrogen-rich preburner.
1166 P. Jin et al.tor are ignited by the pneumatic resonance igniters. The
scheme of the igniter is shown in Fig. 2. Note that air is used
as the resonance gas.
2.1.2. Oxygen-rich preburner
In the FFSC system, a large amount of oxidizer with only a lit-
tle fuel is injected into the oxidizer-rich preburner; therefore,
the mixture ratio of the oxidizer to the fuel is very high. It is
very difﬁcult to ignite, maintain combustion, and prevent the
walls from oxidation. In the present work, the zonal combus-
tion is employed to solve the problems mentioned above. All
the hydrogen is injected into the preburner through the igniter,
and the oxygen injectors distribute around hydrogen. In the
scheme, the igniter works not only as an igniter, but also as
a hydrogen channel. The injection scheme and the oxygen-rich
preburner photo for the experiments are shown in Fig. 3.Fig. 5 Scheme of2.1.3. Hydrogen-rich preburner
In the hydrogen-rich preburner, the mixture ratio is low. The
major difﬁculty in design is the reliability of ignition. In prac-
tice, the shear tri-coaxial injector is used as shown in Fig. 4(a).
The torch ﬂame is injected through the central channel at the
ﬁrst stage, and then hydrogen is injected. There is another
channel for hydrogen outside of the annular channel, while
oxygen is injected through the annular channel between the
central and the outside hydrogen channels. A photograph of
the hydrogen-rich preburner is shown in Fig. 4(b).
2.1.4. Combustor
The combustor with a single gas–gas injector is shown in
Fig. 5. The material of the injector is 1Cr18Ni9Ti, with nickel
coating on the wall to prevent oxidation. The combustor is
made of copper without a cooling system. It consists of two
parts: an inner sleeve and an outer jacket. These two parts
can be replaced for different mass ﬂow rates. The nozzle is
made of W7Cu. Temperature sensors are ﬁxed in the outer
jacket with their tips contacting the outside wall of the inner
sleeve. The outside wall temperatures of the inner sleeve along
the combustor’s axis are measured in the experiments to
evaluate the heat load of the combustor.
2.2. Types and parameters of the injectors
The shear coaxial injector has a simple structure and very good
performance on thermal protection for the faceplate in gas–gas
combustion, so it has attracted a lot of attention from rocket
designers. In this work, ﬁve types of coaxial injectors are
adopted, which are the shear coaxial injector, the oxidizer post
expansion coaxial injector, the fuel impinging coaxial injector,
the central body coaxial injector, and the shear tri-coaxial
injector.
Structures of the injectors are shown in Fig. 6, where a rep-
resents the expansion or impinging angle. Effects of the mass
ﬂow rate and the injector design parameters on the combustion
performance are studied. Simulation results of these injectors
can be seen in Ref.16. This study aimed at obtaining the com-
bustion performance and the combustor heat load for the ﬁve
types of injectors, and ﬁnding which injector can keep high
performance under high mass ﬂow rate conditions.the combustor.
Fig. 6 Types of the injectors.
Fig. 7 Pictures of the experimental injectors.
Table 1 Parameters of the combustor under different mass
ﬂow rate conditions.
_mC (kg/s) _mO (kg/s) _mH (kg/s) DC (mm) DCO (mm) DT (mm)
0.226 0.180 0.046 26.0 52.0 14.8
0.339 0.270 0.069 31.9 52.0 18.0
0.452 0.360 0.092 36.8 63.2 20.8
0.565 0.450 0.115 41.2 63.2 23.0
0.678 0.540 0.138 45.0 74.0 25.8
Experimental study of hydrogen-rich/oxygen-rich gas–gas injectors 1167These injectors except the shear coaxial injector are divided
into two classes. One includes the oxidizer post expansion
coaxial injector and the hydrogen impinging coaxial injector,
which, compared with the shear coaxial injector, have a spray
angle and maintain a simple structure. The other includes the
central body coaxial injector and the shear tri-coaxial injector,
compared with the shear coaxial injector, have a large propel-
lant contact area, but with a complex structure. As for high li-
quid density, the size of the gas–liquid injector is small, so the
accuracy of fabrication and assembly has great inﬂuence on
propellant ﬂow area. The cost of fabrication will be very
expensive for these complex injectors. The hydrogen-rich/oxy-
gen-rich gas–gas injectors are relatively easy to fabricate be-
cause of high volume ﬂow rate and large ﬂow area, which
results lower accuracy requirement of fabrication. Some
gas–gas injectors used in the experiments are shown in Fig. 7.2.3. Parameters of the injectors and the combustors
Hydrogen-rich gas and oxygen-rich gas are respectively gener-
ated by the hydrogen-rich preburner and the oxygen-rich pre-
burner. The mixture ratio of the oxygen-rich preburner (RO)
which provides 676 K oxygen-rich gas is 320. The mixture ratio
of the hydrogen-rich preburner (RH) providing 758 Khydrogen-
rich gas is 0.45. Values of the mass ﬂow rate _m and the corre-
sponding sizes of the combustor are show in Table 1. The
subscripts C, O, and H represent the combustor, oxygen-rich
gas, and hydrogen-rich gas, respectively. DC, DCO, and DT are
the combustor’s inner diameter, the inner sleeve’s outer diame-
ter, and the throat’s inner diameter. Values of the benchmark
parameters are shown in Table 2. There is no recess of the injec-
tor posttip. DP is the oxidizer pressure drop ratio, RV is the
velocity ratio of the fuel to the oxidizer, WO is the thickness of
the injector posttip, RM is the mass ﬂow rate ratio of the central
fuel to the total fuel in the shear tri-coaxial injector.
Table 2 Benchmark parameters of the injectors.
DP (%) RV WO (mm) RM (%) a ()
6.5 6.6 1.5 40 20
Fig. 8 Typical parameters in the experiment.
1168 P. Jin et al.2.4. Evaluation objects
The characteristic velocity efﬁciency is selected to indicate the
combustion performance, and the wall temperatures T of the
combustor are to indicate the heat load. Typical experimental
results are shown in Fig. 8. The test lasted for 2 s. Approxi-
mately 0.3 s after starting up, the combustor pressure PC be-
came stable, which could be used to calculate the
characteristic velocity efﬁciency.
The actual characteristic velocity CExp is given by:
CExp ¼
PCAt
_mC
ð1Þ
where At is the area of the throat.Table 3 Experimental results of the oxidizer post expansion coaxia
Expansion angle () Oxygen-rich preburner Hydrogen-ri
_mO (g/s) RO TO (K) _mH (g/s)
0 274.3 320.9 534 76.2
10 276.2 332.2 523 76.2
20 274.5 329.9 532 75.9
30 275.1 324.3 540 77.1
Fig. 9 Effects of the expansion angle on the combThe theoretical characteristic velocity CTh is given by:
CTh ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
kThRThTTh
p
kTh
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
kThþ1
 kThþ1
kTh1
r ð2Þ
where kTh is the theoretical gas balance constant, RTh the uni-
versal gas constant, and TTh the theoretical temperature. All of
them are obtained from thermodynamics calculations.
The combustion efﬁciency g can be expressed as:
g ¼ C

Exp
CTh
ð3Þ3. Discussion
3.1. Effects of the expansion angle on the combustion performance
and the wall temperatures
The experimental parameters for the oxidizer post expansion
coaxial injector with different angles are shown in Table 3,
where RO, RH, RC are the mixture ratios of oxygen-rich pre-
burner, hydrogen-rich preburner, combustor respectively.
Tests were repeated three times for the same angle, and the
parameter values were average values. Because of the hot pro-
pellants’ energy loss ﬂowing from the preburner to the com-
bustor, the temperatures of the hydrogen-rich gas and the
oxygen-rich gas did not reach the design values, which resulted
in low characteristic velocity efﬁciency at each angle even for
the shear coaxial injector, as shown in Table 3. Result shows
that the expansion angle has a negative impact on the combus-
tion performance. The effects of the oxidizer post expansion
angle on the characteristic velocity efﬁciency and the wall tem-
peratures are shown in Fig. 9. Some errors exist in the temper-
ature measurements for such reasons as vibration and loose
contact of sensors. The temperature curves are irregular, butl injector.
ch preburner Combustor
RH TH (K) _mC (g/s) RC PC (MPa) g (%)
0.48 623 350.4 5.68 2.89 89.5
0.48 622 352.5 5.73 2.83 87.5
0.48 622 350.4 5.70 2.82 87.5
0.47 620 352.2 5.61 2.83 87.0
ustion performance and the wall temperatures.
Experimental study of hydrogen-rich/oxygen-rich gas–gas injectors 1169they do not affect the analysis of the overall tendency. It can be
seen in the ﬁgure that the characteristic velocity efﬁciency de-
clines slightly when the oxidizer post expansion angle in-
creases. Compared with the shear coaxial injector, the wall
temperatures increase slightly as the expansion angle increases.
Little difference in the wall temperatures indicates that the heat
transfer does not have signiﬁcant inﬂuence on the characteris-
tic velocity efﬁciency. It shows that the oxidizer post expansion
angle has negative effects on the wall temperatures. Besides the
combustion performance, the wall temperatures of the com-
bustor are also related to the ﬂow situation and the distance
between the combustion region and the combustor wall. It is
not precise enough to assess combustion performance just by
wall temperatures as pointed out in Ref.12.
The expansion of the oxidizer means the oxidizer impinging
the fuel in the paper. In the gas/liquid or liquid/liquid injector,
the impinging between the oxidizer and the fuel is beneﬁcial to
atomization and mixing. Therefore, it has signiﬁcant effects on
the combustion performance. In the gas/gas injector, combus-
tion occurs in the contact surface between the fuel and the oxi-
dizer, and the expansion of the combustion product goes
against the mixing, thus the impinging does not improve the
combustion performance signiﬁcantly.3.2. Effects of the impinging angle on the combustion performance
and the wall temperatures
The experimental parameters of the fuel impinging coaxial
injector at different angles are shown in Table 4. The inﬂuences
of the fuel impinging angle on the characteristic velocity efﬁ-
ciency and the wall temperatures are shown in Fig. 10. From
the results in Table 4 and Fig. 10(a) we can know that the char-
acteristic velocity efﬁciency changes a little as the angle in-
creases, and the values are almost equal to those of the shear
coaxial injector. However, the characteristic velocity efﬁciencyTable 4 Experimental results of the fuel impinging coaxial injector
Impinging angle () Oxygen-rich preburner Hydrogen-ric
_mO (g/s) RO TO (K) _mH (g/s)
0 276.2 316.0 536 76.2
10 274.8 322.2 532 77.0
20 277.8 326.5 537 78.6
30 275.8 321.6 547 77.2
Fig. 10 Effects of the impinging angle on the comslightly increases when the angle reaches 30. It seems that
there would be better combustion performance at certain an-
gles, which needs more research to prove. In the gas/liquid
or liquid/liquid injector, the fuel and the oxidizer progressively
mix in the progress of atomization and evaporation. The pro-
cess of the fuel impinging the oxidizer improves the mixing per-
formance and then strengthens the combustion. In the gas/gas
injector, the propellants start to burn once they contact, and
diffusion of the combustion products at the contact surface
hampers further combustion to some extent. The combustion
performance improves little if hydrogen can’t pierce through
the combustion surface. Results in Fig. 10(b) show that as
the impinging angle increases, the wall temperatures increase
and the temperatures in the rear part are higher than those
of the shear coaxial injector. This may be caused by the reﬂec-
tion of the fuel for impinging the oxidizer. It indicates that
increasing the impinging angle would heighten the heat load
of the combustor. Like the oxidizer impinging the fuel in the
gas/gas injector, mixing improves slightly by the fuel impinging
the oxidizer, thus effects of the impinging angle on the com-
bustion performance and the heat load are not signiﬁcant.
3.3. Effects of the contact area between the fuel and the oxidizer
on the combustion performance and the wall temperatures
The experimental parameters of the shear coaxial injector, the
central body injector, and the shear tri-coaxial injector are
shown in Table 5. The wall temperatures of the combustor
are shown in Fig. 11. Compared with the combustor using
the shear coaxial injector, the experiment results prove that
the combustors with the central body injector and the shear
tri-coaxial injector can achieve better combustion perfor-
mance. In the shear tri-coaxial injector, the fuel can be divided
into two parts: one is injected from the injector’s center, while
the other is injected from the outer annular channel. The oxi-
dizer is injected from the channel between the center and the.
h preburner Combustor
RH TH (K) _mC (g/s) RC PC (MPa) g (%)
0.48 626 352.4 5.72 2.90 89.6
0.47 617 351.9 5.60 2.89 88.9
0.50 619 356.4 5.70 2.92 89.1
0.47 623 353.0 5.62 2.93 89.9
bustion performance and the wall temperatures.
Table 5 Experimental results of the shear coaxial injector, the central coaxial injector, and the shear tri-coaxial injector.
Injector Oxygen-rich preburner Hydrogen-rich preburner Combustor
_mO (g/s) RO TO (K) _mH (g/s) RH TH (K) _mC (g/s) RC PC (MPa) g (%)
Shear coaxial 276.2 316.0 536 76.2 0.48 626 352.4 5.72 2.90 89.6
Central body coaxial 271.7 320.9 537 75.6 0.47 614 347.3 5.66 3.13 97.8
Shear tri-coaxial 276.1 329.0 531 76.4 0.48 620 352.5 5.71 3.17 97.8
Fig. 11 Wall temperatures with the shear coaxial injector, the
central coaxial injector, and the shear tri-coaxial injector,
respectively.
Fig. 12 Inﬂuence tendency of the mass ﬂow rate on the
characteristic velocity efﬁciency.
1170 P. Jin et al.outer channel. There are two characteristics. Firstly, it has two
combustion surfaces which can increase the contact area, thus
strengthening the combustion and improving the performance.
Secondly, the thickness of the oxidizer layer is thin when the
oxidizer is injected from the annular channel, and the combus-
tion advances from the inner and outer fuel to the oxidizer,
which strengthens the mixing and improves the combustion
performance. Thus, the shear tri-coaxial injector has good per-
formance for these features. The central body injector also in-
creases the contact area, and has better performance than the
shear coaxial injector. From the results in Fig. 11 we can see
that the wall temperatures of the combustor with the shear
tri-coaxial injector are higher than those of the combustor with
the central body injector. The characteristic velocity efﬁcien-
cies of the two injectors are almost the same as shown in
Table 5. It indicates that the combustor with the shear tri-
coaxial injector has better performance. The wall temperatures
of the combustor are relevant to the combustion and ﬂow sit-
uation. When the propellants burn well, the temperature of the
products and the heat ﬂux will increase, so will the wall tem-
peratures. Moreover, the wall temperatures are also inﬂuenced
by the distance between the combustion region and the com-
bustor wall. When the main combustion region is close to
the combustor wall, the wall temperatures will reach higherTable 6 Effects of the mass ﬂow rate on the characteristic velocity
Mass ﬂow rate (g/s) Characteristic velocity eﬃciency (%)
Shear coaxial
injector
Oxidizer postexpansion
coaxial injector
229 96.2
352 89.5 87.5
464 84.6 82.7
585 82.7 82.8
710values. The combustors with the shear tri-coaxial injector
and the central body coaxial injector have very good perfor-
mances, so the combustor walls suffer severe heat loads. At
the same time, the sizes of the two injectors are large because
of the central part. Meanwhile, the combustion surfaces are
close to the combustor walls, which is another reason for high
wall temperatures. Additionally, in the shear tri-coaxial injec-
tor, a part of the fuel is injected from the injector’s center,
the fuel in the outer channel decreases, and protection of the
combustor wall from the outer fuel is weakened, so the com-
bustion surface is more likely to be close to the chamber wall.
As a result, the combustor with the shear tri-coaxial injector
has a large heat load.
3.4. Effects of the mass ﬂow rate on the combustion performance
and the wall temperatures
Characteristic velocity efﬁciencies of those ﬁve types of injec-
tors under different ﬂow rate conditions are shown in Table 6.
The inﬂuence tendency of the mass ﬂow rate on the character-
istic velocity efﬁciency is shown in Fig. 12. When the mass ﬂowefﬁciency.
Fuel impinging
coaxial injector
Central body
coaxial injector
Shear tri-coaxial
injector
88.9 97.6 97.7
82.9 93.7 96.5
82.1 92.8 95.1
94.9
Experimental study of hydrogen-rich/oxygen-rich gas–gas injectors 1171rate increases, the characteristic velocity efﬁciency of each
injector decreases. As the mass ﬂow rate increases from
339 g/s to 565 g/s, the shear tri-coaxial injector has the least
drop among the ﬁve types of injectors, and the efﬁciency de-
creases from 97.6% to 95.1%. The central body injector has
the second smallest drop, and the efﬁciency decreases from
97.6% to 92.8%. When the mass ﬂow rate is 226 g/s, the efﬁ-
ciency of the shear coaxial injector is 96.2%, which obviously
decreases to 89% when the ﬂow rate increases to 339 g/s. At
the same time, efﬁciencies of the oxidizer post expansion coax-
ial injector and the fuel impinging injector are also about 89%.
When the mass ﬂow rate increases to 452 and 565 g/s, efﬁcien-
cies of the three types of injectors mentioned above decline to
83% or so. It shows that these injectors can’t work well under
high mass ﬂow rate conditions.Fig. 13 Effects of the mass ﬂow rate on the wall temperatures.Effects of the mass ﬂow rate on the wall temperatures are
shown in Fig. 13. It can be seen that the curves have a peak
value of temperature in front of the combustor. When the
combustion is intense in the combustor or the combustion re-
gion is close to the combustor wall, the heat ﬂux is large and
the wall temperature will rapidly increase.20 There exists an
obvious high temperature combustion region for the backﬂow
near the faceplate, and the region is close to the chamber wall,
which causes the peak temperature. When the mass ﬂow rate is
339 g/s, the peak position is 28 mm away from the faceplate,
and the position moves backward to 43 mm away when the
ﬂow rate rises to 452 and 565 g/s. It indicates that the high
temperature combustion region moves backward, so the com-
bustor length for accomplishing the combustion increases. The
measured temperature peak may not exactly be the actual va-
lue, because no thermocouples are installed within 28 mm and
there is a 15 mm interval between thermocouples. It is un-
doubted that the distance between the temperature peak and
the faceplate would increase when the mass ﬂow rate increases.
From the curves of the wall temperatures at the same mass
ﬂow rate, we can see that the wall temperatures of the shear
coaxial injector, the oxidizer post expansion coaxial injector,
or the fuel impinging coaxial injector are lower than those of
the central body coaxial injector or the shear tri-coaxial injec-
tor, which means that the heat losses of the three injectors are
lower. It proves that low characteristic velocity efﬁciencies are
caused by incomplete combustions. They can’t keep a high per-
formance at a high mass ﬂow rate with the parameters de-
signed in this study. In contrast, the combustor with the
shear tri-coaxial injector has the best performance, and it still
maintains a high efﬁciency even the mass ﬂow rate is over
700 g/s. All the above prove that the shear tri-coaxial injector
is an effective injector for high ﬂow rates. However, it can be
noted that the shear tri-coaxial injector makes the combustor
wall suffer high heat loads.
4. Conclusion
Using hydrogen-rich gas and oxygen-rich gas as propellants,
ﬁve types of coaxial injector are studied experimentally. The
conclusions are as follows:
(1) The propellant expansion or impinging angle has only a
little inﬂuence on the combustion performance. The
characteristic velocity efﬁciencies of the oxidizer post
expansion injector, the fuel impinging coaxial injector,
and the shear coaxial injector are all about 89% at the
mass ﬂow rate of about 350 g/s. The oxidizer expansion
angle and the fuel impinging angle both fail to improve
the combustion performance; instead, they have the wall
temperatures and the combustor heat loads increased.
(2) The propellant contact area has a signiﬁcant inﬂuence on
the combustion performance. The characteristic velocity
efﬁciencies in the combustor with the shear tri-coaxial
injector and the central body coaxial injector arebothover
97% at the mass ﬂow rate of about 350 g/s. Although they
have complex structures, the fabrication is not difﬁcult for
high volume ﬂow rates of gas propellants.
(3) Increasing the mass ﬂow rate weakens the propellant
mixing as well as the combustion. The efﬁciencies of
all types of injectors decrease when the mass ﬂow rate
1172 P. Jin et al.increases. When the mass ﬂow rate is 229 g/s, the efﬁ-
ciency of the shear coaxial injector is up to 96.2%. When
the mass ﬂow rate increases from 339 to 565 g/s, efﬁcien-
cies of the shear coaxial injector, the oxidizer post
expansion injector, and the fuel impinging injector
decrease from 89% to 83%, and the efﬁciency of the
central body coaxial injector decreases from 97.5% to
92.8%, while the efﬁciency of the shear tri-coaxial injec-
tor is still over 95%. The shear tri-coaxial injector can
keep a high combustion performance at a high ﬂow rate.
It is worth to be noted that the heat load of the combus-
tor also rises for a better combustion performance and
less fuel near the chamber wall.Acknowledgements
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